Abstract Turnip has a high potential to produce abundant nutritious and valuable forage when availability of perennial warm and cool-season species is limited. Water deficit and fertility affect not only growth and yield of crops but also their quality and nutritional value. To evaluate the effect of different phosphorous fertilizers on forage yield and quality of turnip under deficit irrigation regimes, a field experiment was conducted during 2009. The experimental treatments arranged as split plots were five levels of irrigation, no irrigation (IR 0 ), irrigation at sowing time (IR 1 ), irrigation at sowing time ? commencement of tuber formation (IR 2 ), (irrigation at sowing time ? commencement of tuber formation ? commencement of stem elongation (IR 3 ) and normal irrigation (IR N ), assigned to main plots and four levels of fertilizers, no fertilizer (F Co ), 100 % F Ch (100 % chemical fertilizer), seed inoculation by Pseudomonas putida (F Bi ), 50 % F Ch ? F Bi , assigned to subplots. The maximum forage yield was obtained at IR N , which followed a decreasing trend as the number of irrigations decreased. The best phosphorous fertilizer treatments affecting forage yield were 100 % F Ch and 50 % F Ch ? F Bi in sequence. As the water stress increased, in vitro dry matter digestibility (IVDMD), metabolizable energy, and protein yield followed a decreasing trend while in the same situation the crude protein, water soluble carbohydrates, acid detergent fiber, and ash content followed an increasing trend.
Introduction
Forage turnip is an annual crop that has been long known for its use as a reliable forage source in many regions of the world. This crop has a high potential to produce abundant nutritious and valuable forage when availability of perennial warm and cool-season species is limited. In addition, turnip is relatively higher yielding and also more nutritious than other forage crops like cereals [29] .
Environmental factors like soil water and fertility affect not only growth and yield of crops but also their quality and nutritional value as well. Among all factors challenging plant growth and yield, including biotic and abiotic stresses, water stress is the most important factor that limits plant productivity especially in arid and semi-arid regions [30] . Water deficit or limited irrigation regime is an advantageous strategy that can be conducted in these areas to improve water use productivity by less water consumption. Water deficit regime refers to providing required water for plants only in critical growth stages and inducing water stress in non-critical growth stages [39] . The yield of crops will be negatively affected by this strategy and severity of this effect is dependent on the time of inducing water stress [25] . As the water deficit affects both quantitative and qualitative characteristics of the product, determining the critical growth stages as well as magnitude effects of water stress happened in each stage, sounds important in different crops like turnip. Phosphorus (P) is an essential element playing a key role in plant growth and metabolism and is the major nutrient after nitrogen that limits plant growth and production [12] . Also, it is well understood that P could increase the plant resistance to drought stress and has a tendency to moderate the adverse effect of drought stress in plants [16] . It is known that under drought stress conditions, plants lack of sufficient P uptake from soils is a major issue. Phosphorus can moderate the severity of the drought stress through different mechanisms including enhancement of the growth of the plant's root system [9, 16] . However, between 75 and 90 % of P applied as chemical fertilizer in agro-ecosystems remains unavailable to the plant due to iron, aluminum, and calcium complexes [34] . Indeed, many soils are defined as having high P-fixation capacity [38] . Efforts have been made to solubilize insoluble P and therefore increase its availability through biologically mediated processes by phosphate solubilizing microorganisms (PSM) [18] . For supplying required P to crops, the safe and feasible strategy for sustainable agriculture is to apply fertilizer P in conjunction with phosphorus solubilizing microorganisms (PSM), which assist in dissolving a wide range of insoluble P compounds in soils leading to higher crop yields while reducing P leaching and surface runoff to water bodies causing eutrophication [5] . This has been mainly attributed to bacterial production of extracellular enzymes and exudation of organic acids, which stimulates plants root growth [31] .
The objectives of the present field study were to evaluate the individual and combined effects of irrigation regimes, fertilizer P and phosphorus solubilizing microorganism on the yield and forage quality of turnip (Brassica rapa) in an arid region of Iran.
Materials and Methods

Site Description
This research was conducted at the Research Farm of the College of Agriculture and Natural Resources, University of Tehran, in Karaj, Iran (N35°56 00 , E50°58 00 ), in 2009. The climate type of this site is considered arid to semi-arid with annual average air temperature, soil temperature, and rainfall of 13.5°C, 14.5°C, and 262 mm, respectively. Total monthly rainfall of the experimental site during the study period and for the long term is shown in Table 1 .
The soil texture of the experimental field is clay loam (33 % sand, 36 % silt, and 31 % clay) with pH = 8.2 and Ec = 3.41 ds/m. The organic carbon content of the surface layer (0-15 cm) was 1.02 %. The soil had no salinity and drainage problem. Some physical and chemical properties of the soil are presented in Table 2 .
Experimental Details
The design of the experiment was split plots with five levels of irrigation regimes and four levels of P fertilizers. A randomized complete block design with four replications was employed for data analyses. The experimental treatments were as follows:
Irrigation regimes comprised of: control (no irrigation) (IR 0 ), irrigation at sowing time (IR 1 ), irrigation at sowing time ? commencement of tuber formation (IR 2 ), irrigation at sowing time ? commencement of tuber formation ? commencement of stem elongation (IR 3 ), and normal irrigation or no drought stress (IR N ). The time of irrigation in the normal irrigation treatment was scheduled based on the common practice in the area, which consists of irrigating at 7 to 8-day intervals. Subplots consisted of control (no P fertilizer) (F CO ), sole chemical fertilizer according to soil test (100 % F Ch ), sole biological fertilizer (seed inoculation by Pseudomonas putida bacteria strains 41 and 168) (F Bi ), integrated fertilizer (50 % chemical P fertilizer ? seed inoculation by pseudomonas putida strains 41 and 168) (50 % F Ch ? F Bi ). The chemical P was provided by Triple Super Phosphate (200 kg/ha according to soil test), which was applied in strips 5 cm apart from the seed. After field preparations, recommended amounts of urea and potassium sulphate (75 and 100 kg/ha, respectively) were added to the soil surface layer and mixed to 20 cm of the soil with disk. After fertilizer application, the experimental site was divided into 80 plots. The plot size for each treatment was 5 9 3 m. A border of 2 m between adjacent plots in each replication and 5 m between replications were considered to avoid drainage water from entering the other plots. Another 75 kg/ha of urea was also applied in the commencement of stem elongation.
Biological P Fertilizer Characterization and Seed Treatments
Biological P fertilizer comprised of two strains of Pseudomonas putida (41 and 168) isolated from the rhizospher of wheat by the Soil Biology Laboratory in Soil and Water 
Forage Quality Characteristics
The qualitative properties including in vitro dry matter digestibility (IVDMD), crude protein (CP), water soluble carbohydrate (WSC), acid detergent fiber (ADF), and ash content of three replications of all treatments were analyzed by the following methods: According to the AOAC [4] , each dried forage sample used for quantitative analysis was ground through a 1-mm sieve. IVDMD was measured according to the two-stage fermentation technique of Tilley and Terry [33] . CP was determined according to the Kjeldahl method [4] . ADF was determined using the procedure by Goering and Van Soest [13] . WSC was determined by the phenol-sulfuric acid method according to Dubois et al. [11] . Ash was determined by igniting the samples in a muffle furnace at 600°C for over 4 h [4] . Metabolizable energy (ME) was determined by Eq. (1) [8] .
Statistical Analysis A randomized complete block design with four replications was employed for data analyses. All statistical analyses were performed using GLM procedure of SAS (SAS, 1996 ). An ANOVA technique for split plot design was carried out. Mean comparison was done using Duncan's multiple range test at the 95 % level of probability. All differences reported are significant at p B 0.05 unless otherwise stated.
Results
Forage Yield
Deficit irrigation regimes and different P fertilizers significantly affected the shoot forage yield of turnip (p \ 0.01) ( Table 3 ). The highest forage yield of 2,709 kg/ha was observed in IR N while the lowest yield of 461.8 kg/ha was obtained from IR 0 (Table 3) . With only one irrigation at sowing time (IR 1 ), the shoot forage yield reached 1,600 kg/ ha (almost a fourfold increment compared to IR 0 ). This is while the extra irrigation at tuber formation (IR 2 ) increased only 20 % in shoot production and extra irrigation at stem formation (IR 3 ) provided no significant increase in shoot production compared to previous treatments ( Table 3 ). The highest forage yield of 2,008 kg/ha was obtained from 100 % F Ch treatment, which was 25 % more than control (F Co ). The integrated fertilizer, 50 % F Ch ? F Bi , also significantly over produced the control treatment (F Co ) by 12 % (Table 3) .
In severe water stress conditions (IR 0 ), integrated fertilizer (50 %F Ch ? F Bi ) produced the highest forage yield. In other irrigation systems of IR 1 to IR N , always 100 % F Ch out-produced shoot biomass compared to other P fertilizers (Fig. 1) . The highest forage yield of turnip was obtained in IR N *100 % F Ch treatment while the lowest was obtained in control (no irrigation and no fertilizer treatment) (Fig. 1 ).
Forage Quality
IVDMD
As the water stress severity increased, digestibility of dry matter decreased. The lowest IVDMD (520 g/kg dry matter) was obtained at IR 0 and the highest (622 g/kg) was achieved at IR N ( Table 3) .
Application of P fertilizers (in all fertilizer treatments) significantly increased IVDMD compared to the control (Table 3) .
In severe water stress conditions, IR 0 and IR 1 , F Bi and 50 % F Ch ? F Bi treatments provided the highest IVDMD (higher than chemical P fertilizer and control), respectively. However, by increasing the number of irrigations, the positive effect of chemical P fertilizer on IVDMD was better pronounced (Fig. 2) . The table of correlation coefficient showed a positive correlation between turnip shoot yield and IVDMD (r = 0.782) ( Table 4) .
CP Content and Protein Yield
According to Tables 3 and 4 , the effect of irrigation regimes and P fertilizers on CP and protein yield of turnip were significant (p \ 0.01). By increasing the water stress severity, the CP content increased while the protein yield followed a decreasing trend (Table 3 ). The highest CP was observed in IR 0 (234 g/kg dry matter) while in IR N by more than 21 % decrement, it reached 182 g/kg dry matter. In contrast, the highest protein yield (490 kg/ha) was obtained by IR N while the lowest yield (111.4 kg/ha) was obtained from IR 0 (nearly fourfold decrement). By one irrigation at sowing time (IR 1 ) the protein yield achieved a threefold increment compared to the control (from 111 to 350 kg/ha) ( Table 3) . However, the extra irrigation at tuber formation (IR 2 ) and third irrigation at stem elongation stage (IR 3 ) had a lower efficiency in increasing the protein yield of forage turnip. Among different P fertilizers, integrated fertilizer (50 % F Ch ? F Bi ) treatment produced the highest crude protein 
(11 % more than the control) (Table 3 ), but the highest protein yield was obtained by 100 % F Ch and 50 % F Ch ? F Bi fertilizers, 34 % and 26 % more than the control, respectively.
The interaction effect of irrigation regimes and different P fertilizers showed that in IR 0 the highest CP was produced by 100 %F Ch while in other irrigation treatments, 50 % F Ch ? F Bi produced the highest CP (Fig. 3 ). There was a negative correlation between forage yield and CP content (r = -0.745) as well as between CP and IVDMD (r = -0.654) ( Table 4) .
Water-Soluble Carbohydrate
The highest WSC (209 g/kg dry matter) was obtained in IR 0 , which followed an increasing trend as the severity of water stress decreased (Table 3) . Application of chemical P fertilizer and biological fertilizer had no positive effect on WSC compared to the control. This is while the highest WSC was obtained by 50 % F Ch ? F Bi application indicating the superiority of integrated fertilizer over the sole chemical fertilizer or sole bio-fertilizer (Table 3 ). There was a negative correlation between turnip forage yield and WSC content (r = -0.523).
Acid Detergent Fiber
The highest ADF was observed in IR 0 (340 g/kg dry matter) and the lowest (240 g/kg dry matter) by 29 % reduction was observed in IR N ( Table 3) .
Application of PSM as a sole bio-fertilizer or as part of integrated fertilizer decreased ADF in turnip while application of chemical fertilizer provided with no significant response in this trait.
Ash
By increasing in water stress severity, the ash content of turnip forage followed an increasing trend ( Table 3 ). The highest ash content of 90 g/kg dry matter was obtained in IR 0 *100 % F Ch (Fig. 4) . A negative correlation (r = -0.542) between IVDMD and ash was observed while the correlation between ash and CP was positive (r = 0.692) ( Table 4 ).
Metabolizable Energy
As the water stress severity increased, ME followed a decreasing trend. The ME in IR 0 was 6.9 MJ/kg dry matter while in IR N it was 8.6 MJ/kg (Table 3) .
Application of chemical P fertilizer, integrated fertilizer and sole bio fertilizer equally increased turnip ME compared to control (Table 3) .
At IR 0 irrigation treatment only, application of bio-fertilizer (F Bi ) increased ME and in IR 1 integrated application of chemical P fertilizer and bio-fertilizer produced the highest value of ME among different fertilizer treatments. As the soil water content increased in IR 3 and IR N , chemical P fertilizer had a better influence on ME compared to other fertilizers (Fig. 5) .
Discussion
Forage Yield
The lack of water during vegetative growth stage not only reduces the plant leaf area, resulting in declined plant ability to photosynthesis, but will also reduce the persistence of plant leaves [14, 26] . This is happened because of less turgor pressure and cell elongation which ultimately cause less plant growth under water stress [1] . Turnip is very sensitive to soil moisture at seed germination and establishment stages [23] . In this experiment with only one irrigation at sowing time (IR 1 treatment), probably the germination percentage and germination rate increased leading to a better seedling establishment. This situation supported a better access of the roots to moisture and nutrients in lower layers of the soil. In a water stress condition, the nutrients are less accessible by the crop root. Also, the ability of the root to uptake nutrients is decreased because of the lower plant transpiration. In this case, the absorption of the major contributing nutrients to the plant growth like N and P is reduced, causing a major reduction in plant growth [22] . The relative success in plant to survive and grow well at water deficit regime is dependent on the stage of growth in which the water stress happens [25] . This could probably explain the threefold biomass production in IR 1 compared to the control (IR 0 ). The positive effect of P fertilizer on turnip forage yield found in this study supports the findings by Türk et al. [35] . Also, the advantages of integrated application of chemical and biological P fertilizer have been reported in different crops such as cotton [28] and soybean [36] . The higher availability of P nutrient in 100 % F ch along with the suitable environmental conditions provided by no water stress treatment (IR N ) could explain the better adsorption of P and other necessary nutrients in the soil, which leads to significantly higher forage yield by turnip in this treatment.
Interaction effects of water deficit regimes and P fertilizers showed that in severe water stress conditions (IR 0 ), adverse effects of water stress were modified by the application of 50 % F Ch ? F Bi treatment. It has been shown that integrated application of chemical and biological P fertilizer could produce the highest yield in lentil [2] and mustard [21] and this treatment was more effective than sole chemical or sole biological P fertilizer. In other irrigation regimes, sole chemical P fertilizer outproduced forage yield, indicating the positive effect of P on growth and yield of turnip, which supports the findings of Türk et al. [35] .
Forage Quality and Chemical Composition
There are different research results on the effect of water stress on forage quality characteristics, especially on IV-DMD. The results of some experiments showed that water stress could increase the amount of structural carbohydrates and fibers leading to less IVDMD [17] . These results are similar to our findings in the present study. However, some other research works showed that the digestibility of dry matter was not affected by water stress [19] or even increased by water stress [20, 24, 37] . The decrease in IVDMD under water deficit regimes in this experiment could be explained by increment in fiber content of turnip. The existing negative correlation between IVDMD and fiber content of plants such as ADF and NDF has been well understood (for more details, see [15, 20] ). In our study, the same outcome was obtained and a strong negative correlation between ADF and IVDMD (r = -0.879) was perceived ( Table 4 ). The higher ADF value observed in IR 0 treatment indicated that water stress could increase ADF. Increasing ADF as a result of water stress could justify lower IVDMD in this condition. The increment in insoluble fibers in cell walls is one of the physiological responses of plants towards water stress to prevent moisture loss as a means to persist under water stress conditions. These results are supported by findings of Wilson [43] on tropical pasture species and Haung and Duncan [17] on turf grass. These results could explain why by increasing water stress severity, ME, a key factor for determining forage nutritional value, followed a decreasing trend. In our study, the favorable moisture condition in the soil positively affected ME content. Haung and Duncan [17] reported that drought stress could stimulate forage structural carbohydrates content (fiber), which can cause a reduction in forage ME. Positive response of IVDMD and ME to application of different P fertilizers observed in this study (Table 3) indicates that P element could be considered as an important means to improve nutritional value of turnip forage. Our results in regard to IVDMD are supported by Türk et al. [35] . However, they reported that by application of chemical P fertilizer, turnip fiber (ADF and NDF) decreased, which lead to higher IVDMD. Nevertheless, our results showed that chemical P fertilizer had no significant effect on decreasing ADF while Bi and integrated fertilizer (50 % F Ch ? F Bi ) could decrease ADF (Table 3) . Reducing ADF and increasing IVDMD as a result of biological P fertilizer application has been reported earlier [11] . No significant difference between P fertilizers observed in this study convinced us that the biological P fertilizer could be considered as a promising substitute for chemical fertilizer in this regard.
Evaluating the interaction effect of irrigation regimes and P fertilizers demonstrated that application of biological P fertilizer at severe water stress condition (IR 0 ) increased IVDMD. However, in moderate and no-water stress conditions, as the availability of water increased, the role of chemical fertilizer was more pronounced in producing forage with higher IVDMD. These results indicate that in water deficit conditions, the application of biological P fertilizer could increase turnip forage IVDMD, which causes an increase in the quality of produced forage.
Increment in CP as a result of water stress could be explained by rising nitrogen concentration in plant tissues [27] . The same findings about increasing CP content in perennial rye grass and tall fescue under water deficit stress has been well documented [3, 19] . These results could be explained by a higher nitrogen concentration and availability in a dry soil [20] . Buxton et al. [6] indicated that the content of crude protein in forage crops is strongly correlated with the availability of nitrogen in the soil. Collins [7] reported an increasing tendency in crude protein content due to the higher soil nitrogen concentration causing by water stress. The existing negative correlation between IVDMD and CP would be proper evidence to support these results. A negative correlation between these two characteristics in annual forage crops has been reported earlier by Ward et al. [40] .
An increase in CP and protein yield of turnip forage by application of 100 % F Ch and 50 % F Ch ? F Bi convinced us that providing required P for turnip is a crucial means to improve the produced crude protein and protein yield per hectare. The positive effect of P element on CP content of turnip and artichoke has been reported by Türk et al. [35] and Salamah [32] , respectively. Protein yield per hectare is calculated by multiplying CP by the forage yield. In our study, a noticeable positive correlation between shoot yield and protein yield was observed (r = 0.98), while protein yield and CP were negatively correlated (r = -0.618) ( Table 4) . The reason for this result could be explained by a significant decrement in CP content in plants grown at no-water stress conditions. The correlation between forage yield and protein yield was stronger than the correlation between forage yield and CP content (Table 4) . By increasing the forage yield, the protein yield was also increased.
Turnip responded to water stress, as in some other crops, with an increase in WSC content [41, 42] . Weinberg et al. [41] showed that in plants under water stress, more watersoluble carbohydrate is produced, which in turn increases the plant ability to produce a higher silage quality. They also reported a negative correlation between complimentary irrigation and WSC.
In plants grown in more moist soils, the concentration of elements in plant tissues will decrease, resulting in a significant decrement in ash content. The results of this experiment showed that under severe water stress conditions, the concentration of mineral elements in the plant tissues increased. This increment was more pronounced when chemical P fertilizer was applied. The higher concentration of elements in plant sap and cellular vacuoles tends to increase the osmotic pressure of plant water, which in turn leads to a reduction in the transpiration rate from leaf area.
Conclusions
Turnip forage yield and quality was substantially affected by water stress. The results indicated that turnip is very sensitive to water stress at germination, establishment and early growth stages. Application of integrated fertilizer (50 % F Ch ? F Bi ) reduced turnip forage yield by 12 % compared to full chemical P fertilizer, but moderated the adverse effects of water stress on turnip forage yield, increased forage quality and saved 50 % in chemical P fertilizer. Long-term environmental and economic analysis is required to make the final judgment on superiority of the best fertilizer for turnip forage production under deficit irrigation regimes.
